Retroviral misexpression of cVax disturbs retinal ganglion cell axon fasciculation and intraretinal pathfinding in vivo and guidance of nasal ganglion cell axons in vitro  by Mühleisen, Thomas W. et al.
297 (2006) 59–73
www.elsevier.com/locate/ydbioDevelopmental BiologyRetroviral misexpression of cVax disturbs retinal ganglion cell axon
fasciculation and intraretinal pathfinding in vivo and guidance of
nasal ganglion cell axons in vitro
Thomas W. Mühleisen 1, Zsuzsa Agoston, Dorothea Schulte ⁎
Max-Planck-Institut für Hirnforschung, Deutschordenstr. 46, D-60528 Frankfurt am Main, Germany
Received for publication 15 July 2005; revised 31 March 2006; accepted 26 April 2006
Available online 5 May 2006Abstract
The transcription factor cVax (Vax2) is expressed in the ventral neural retina and restricted expression is a prerequisite for at least three
prominent aspects of retinal dorsal–ventral patterning: polarized expression of EphB/B-ephrin molecules, the retinotectal projection and the
distribution of rod photoreceptors across the retina. In the chick retina, the fasciculation pattern of ganglion cell axons also differs between the
dorsal and ventral eye. To investigate the molecular mechanisms involved, the nerve fiber layer was analyzed after retroviral misexpression of
several factors known to regulate the positional specification of retinal ganglion cells. Forced cVax expression ventralized the fasciculation pattern
and caused axon pathfinding errors near the optic disc. Ectopic expression of different ephrin molecules indicated that axon fasciculation is, at
least in part, mediated by the EphB system. Finally, we report that retroviral misexpression of cVax increased the pool of EphA4 receptors
phosphorylated on tyrosine residues and altered the guidance preference of nasal axons in vitro. These results identify novel functions for cVax in
intraretinal axon fasciculation and pathfinding as well as suggest a mechanism to explain how restricted cVax expression may influence map
formation along the dorso-ventral and antero-posterior axes of the optic tectum.
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A fundamental aspect of vertebrate eye development is the
specification of the antero-posterior (A–P) and dorso-ventral
(D–V) axes of the eye primordium. Axis specification is
mediated by the graded expression of transcription factors or
components of key signaling pathways during early eye
development (Peters, 2002). Asymmetric expression of the
transcription factors FoxG1, FoxD1, SOHo1 and GH6/Hmx1,
for example, patterns the eye anlage along its A–P axis and is
required for the normal development of the retinotectal
projection map, the ordered projection of retinal ganglion⁎ Corresponding author.
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doi:10.1016/j.ydbio.2006.04.466cells (RGCs) to their midbrain targets (Hatini et al., 1994;
Deitcher et al., 1994; Yuasa et al., 1996; Schulte and Cepko,
2000). Expression of the homeodomain protein cVax/mVax2 is
restricted to the ventral eye cup and is a prerequisite for the
specification of ventral retinal characteristics: Ectopic expres-
sion of cVax in the chick embryo ventralized the expression
patterns of EphB receptors and B-ephrins in the retina, disturbed
the retina's projections to the optic tectum and the distribution
of rod photoreceptors across the retina (Schulte et al., 1999,
2005). Likewise, inactivation of the corresponding gene mVax2
in mice resulted in eye malformations and misrouting of optic
fibers (Barbieri et al., 2002; Mui et al., 2002, 2005). Notably,
following gain-of-function or loss-of-function analyses of cVax/
mVax2, RGC axons made reproducible errors not only along the
tectum's D–V axis (which would be predicted by the altered
EphB/ephrinB expression profiles caused by manipulating
cVax/mVax2 expression) but also along the tectal A–P axis.
Ventral cVax/mVax2 expression is juxtaposed by the dorsal
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transcriptional regulators, and ectopic expression of Tbx5 has
been shown to affect retinal D–V patterning (Gross and
Dowling, 2005; Koshiba-Takeuchi et al., 2000; Sowden et al.,
2001; Wong et al., 2002). Bmp4 and the secreted Bmp-
antagonist ventroptin also contribute to D–V axis specification
(Sakuta et al., 2001). Additional factors asymmetrically
expressed in the embryonic mouse retina at later stages of
development have been identified using cDNA microarrays
(Diaz et al., 2003). It has, however, not yet been investigated if
these molecules indeed contribute to axial patterning of the
neural retina.
On their way from the retina to the brain, RGC axons have to
navigate over long distances and must make a series of
pathfinding decisions before they arrive at their midbrain targets
and engage in synapse formation. One of the first tasks RGC
axons have to perform is pathfinding within the retina. The
axon, which emerges from the RGC cell body shortly after the
final mitosis, navigates immediately towards the optic disc,
located in the center of the retina. During this process, axons of
younger, more peripherally located cells encounter axons from
earlier born, more centrally located cells and fasciculate with
them. As a result, axon fasciculation and intraretinal pathfinding
are intimately linked during retinal development. A number of
proteins have been implicated in this process. For example, loss
of the secreted protein netrin-1 or its receptor DCC led to
pathfinding errors near the optic disc (Deiner et al., 1997). In
mice deficient for the Eph receptors EphB2 and EphB3, dorsal
RGC axons frequently bypassed the optic disc and grew
aberrantly into the ventral retina (Birgbauer et al., 2000). The
peripheral to central gradient of expression of the transcription
factor Zic3 is required for correct pathfinding towards the
central retina (Zhang et al., 2004). In addition, intravitreal
application of function blocking antibodies against the cell
adhesion molecules L1, NCAM and neurolin/DMGRSAP
caused defasciculation and/or disturbed intraretinal axon
trajectories (Avci et al., 2004; Giordano et al., 1997; Ott et al.,
1998; Leppert et al., 1999).
In most vertebrates, the thickness of RGC axon bundles
traveling towards the optic nerve head is similar in all four
quadrants of the retina. Yet in chicken, the dorsal nerve fiber
layer (NFL) is thinner than the ventral NFL and contains a large
number of mainly thin axon bundles, while fewer and thicker
axon bundles are found in the ventral NFL (Imagawa et al.,
1999). In addition, some RGC axons of the ventral NFL are
myelinated in adult or newly hatched chicken (Hughes et al.,
1972; Imagawa et al., 1999). The observed D–V differences of
the chick NFL may therefore be a consequence of the
differential myelination of RGC axons. If this was the case,
this pattern would not be apparent before oligodendrocytes
migrate from the optic nerve into the retina after the 10th day of
incubation (embryonic day (E) 10, Hamburger Hamilton stage
36 (HH 36; Hamburger and Hamilton, 1992; Ono et al., 1998).
Alternatively, this pattern may be specified during early eye
development alongside other known retinal patterns, like the
retinotopic order of RGCs or the distribution of rod photo-
receptors, both of which are laid down already in the opticvesicle (Dütting and Thanos, 1995; Schulte et al., 1999, 2005;
Uemonsa et al., 2002). Here we present experiments suggesting
that the differences in RGC axon fasciculation of the dorsal and
ventral chick retina indeed depend on early D–V patterning of
the retina. We show that following forced expression of cVax in
the dorsal retina, RGC axons formed thicker fascicles than in
control retinae and exhibited intraretinal guidance errors. RGC
axon fasciculation was also sensitive to ectopic ephrin-B2
expression, indicating that restricted expression of EphB/B-
ephrin molecules is also required for the normal RGC axon
fasciculation pattern in the chick. In addition, we show that
retroviral misexpression of cVax increases EphA4 receptor
tyrosine residue phosphorylation in the retina and enhances the
sensitivity of nasal RGC axons to the repellent activity of
posterior tectal membranes in vitro. This finding may explain
the previous observation that following cVax misexpression or
targeted deletion of the corresponding gene mVax2 RGC axons
often misprojected along the D–V and A–P axes of their
midbrain targets.
Materials and methods
Retroviral misexpression
The generation of RCAS(B)-cVax was described previously (Schulte et al.,
1999). RCAS(B)-Tbx5 and RCAS(A)-Tbx5EnR were described in Rallis et al.
(2003) and kindly provided by Malcolm Logan (The National Institute for
Medical Research, Mill Hill, UK). RCAS(B)-FoxG1 was described in Yuasa
et al. (1996) and a gift from Masaharu Noda (Institute for Basic Biology,
Okazaki, Japan). RCAS(B)-ephrin-B2 and ephrin-A5 contained the full-length
sequences of human ephrin-B2 or ephrin-A5, respectively. RCAS(A)-eGFP
contained the coding region of enhanced green fluorescent protein. Retroviral
stocks were generated as described elsewhere (Schulte et al., 1999). All viral
titers were between 1 × 108 and 8 × 108 IU/ml. Polybrene was added to the
injection cocktail at a final concentration of 80 μg/ml (Sigma-Aldrich,
Germany). The viral stocks were injected into both optic vesicles at HH 10 to
HH 11.
Immunohistochemical staining and in vitro stripe assay
Chick retinae of the ages indicated were processed as described in Kardon
(1998). Axons were visualized with the monoclonal antibody RMO270
(1:6000), kindly provided by Dr. Virginia Lee (University of Pennsylvania
Medical School, Philadelphia). Viral infection was confirmed using the
polyclonal antibody p27 (1:8000; Charles River, Norwich, USA). Cell type
specific antibodies were used as follows: RGC: monoclonal anti-islet-1 antibody
(1:200, Developmental Study Hybridoma Bank, Iowa); RGC, amacrine and
horizontal cells: monoclonal anti-Pax6 antibody (1:5000 Developmental Study
Hybridoma Bank, Iowa); RGC: monoclonal antibody TuJ1 (1:2000, Covance
Research Products, USA). All antibodies were diluted in PBS containing 5%
Chemiblock (Chemicon, Temecula, USA) and 0.5% Triton X-100 before use.
For quantitative analyses, 40× microscope fields were photographed using an
Axioskop confocal laser scanning or an Axioplan2 microscope, respectively
(Zeiss, Germany). To quantify the axon fasciculation pattern, the images were
converted into black and white and the widths of individual axon fascicles
(‘white’) or distance between fascicles (‘black’) were measured ‘blind’ and in
duplicates at the horizontal centre line of each field in duplicates using the
AxioVision LE 4.1 software (Zeiss, Germany). Significance of differences
between the mean values of the experimental and control conditions were
determined by unpaired t test.
The membrane stripe assay was performed as described previously (Walter
et al., 1987; Nakamoto et al., 1996). Briefly, membrane fractions of anterior or
posterior E10 chick optic tecta were laid down as alternating stripes with red
fluorescent microspheres (FluoSpheres, Molecular Probes, Oregon) added to
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cut parallel to the D–Vaxis and were laid down perpendicular to the membrane
carpets. One wild type (WT) and one experimental retinal stripe were placed
on each membrane carpet to control for the quality of the carpet. After 48 h, the
RGC axons were labelled with 5,6-CFDA-SE (5,6-carboxyfluorescein
diacetate, succinimidyl ester; Molecular Probes, Oregon) and photographed.
Explants were only scored if the lanes were distinct and axon outgrowth was
sufficient to judge preference. Growth preference was scored on a scale from 0
to 4 using a quantification system similar to the one described in Walter et al.
(1987), where a score of 4 was strong bias for one set of lanes, a score of 0
indicated no bias.
In vitro labeling of RGC axons
For selective labeling of small numbers of RGC axons, E6.5 chick retinal
explants were immobilized, RGC side up, on Cellulose Nitrate filters (0.45 μm
pore size; Sartorius, Germany). Approximately 0.05 μl of a DiI solution (10%w/
v in N, N-dimethyl-formamide; Molecular Probes, Oregon) were applied onto
the nerve fiber layer with a Hamilton syringe. The tissue was lightly fixed by
adding 0.8 ml 0.2% Paraformaldehyde (PFA). The filter was mounted (tissue
side up) on a microscope slide, which was placed on small metal blocks in a
Petri-dish containing 0.2% PFA, so that the filter was a few millimeters above
the PFA solution. Filter and tissue were incubated for 48 h at RT in the dark. This
allowed the retina to be slowly fixed by the evaporating PFA. After the
incubation period, the retina was submersed in 4% PFA, coverslipped and the
labeled RGC axons were analyzed on an Axiophot fluorescence microscope
(Zeiss, Germany) or by confocal laser scanning microscopy.
Immunoprecipitation
RCAS-cVax or RCAS-eGFP was injected into both optic vesicles at HH 11.
At E6.5 (HH 30), the retinae were dissected in ice-cold PBS. A central stripe
corresponding to approximately one third of the retina was cut out and
discarded. The nasal and temporal thirds were collected separately in ice-cold,
freshly made lysis-buffer (150 mM NaCl, 10 mM Na-Phosphate buffer pH 7.2,
1% NP-40, 1% Desoxycholate, 0.1% SDS, 50 mM Na-F, 0.2 mM Na-
Orthovanadate and protease inhibitors (Complete tablets, Roche, Germany)).
Tissue from three infected retinae was pooled for each experiment. The tissueFig. 1. (A–D) Axon fasciculation pattern in the embryonic chick retina. Differences
E18.5 (C, dorsal; D, ventral). (F–H) Axon fasciculation pattern in the embryonic and
(H). (E, I) Schematic drawing of the RGC axon fasciculation in chick (E) and micewas lysed by sonification and the extracts were pre-cleared with protein G-
Agarose (Sigma-Aldrich, Germany) for 30 min at 4°C. Equal amounts of retinal
protein were mixed with 10 μg of affinity-purified polyclonal anti-EphA4
antibody and incubated for 40 min at 4°C under constant shaking. 50 μl protein
G-Agarose beads were added and the extracts were incubated for 40 min at 4°C.
The Agarose beads were collected by brief centrifugation, washed three times
with ice-cold lysis-buffer (containing 50 mMNa-F, 0.2 mMNa-OVand protease
inhibitors), once with PBS (containing 50 mM Na-F, 0.2 mM Na-OV and
protease inhibitors), and the immunoprecipitates were analyzed by SDS-PAGE.
Western blot transfer onto a PVDFmembrane was performed following standard
procedures. The membrane was first incubated with an antibody recognizing
phosphorylated tyrosine residues (Santa Cruz Biotechnology, USA). Following
chemiluminescence detection, the membrane was stripped and incubated with
the EphA4 antibody to confirm that equal amounts of EphA4 protein were
precipitated and loaded onto the gel.
RNA in situ hybridization
The cDNA clones used to generate in situ probes for EphA3, EphA4, ephrin-
A5, ephrin-A2, EphB2, EphB3, ephrin-B1, ephrin-B2 or RCS, which recognizes
a viral core protein, were described elsewhere (Schulte et al., 1999) or were gifts
from J. Flanagan, C. Cepko (Harvard Medical School, Boston), or E. Pasquale
(The Burnham Institute, La Jolla, California; Holash and Pasquale, 1995; Cheng
et al., 1995). In situ hybridization on vibratome sections was performed as
described previously (Badde et al., 2005).
Results
The reported difference in the appearance of the dorsal and
ventral NFL in adult chick retina (Imagawa et al., 1999)
prompted us to examine the development of this pattern by
labeling RGC axons of different developmental ages with the
monoclonal antibody RMO270. At E18.5, shortly before
hatching, ventral RGC axon fascicles were thicker and spaced
farther apart then their dorsal counterparts (Figs. 1C–D).
Differences in the morphology of RGC axon fascicles werein the thickness of RGC axons are obvious at E 6.5 (A, dorsal; B, ventral) and
adult mouse retina. No D–V differences are visible at E 18.5 (F, G) or in the adult
(I). Scale bars: (D) 50 μm; (E–G) 100 μm.
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axons from the central and mid-peripheral retina have begun to
navigate towards the optic disc (data not shown; Prada et al.,
1991). By E6.5, when approximately 60% of the RGCs are born
and have sent out an axon, numerous thin axon bundles could be
observed in the mid-periphery of the dorsal retina growing
towards the optic disc (Fig. 1A). RGC axons in the mid-
periphery of the ventral retina formed noticeably thicker
bundles (Fig. 1B). Similar differences in RGC axon fascicle
width or distance between fascicles were not observed in
embryonic or adult mice (Figs. 1F–H).
Retroviral misexpression of cVax ventralizes the RGC axon
fascicle pattern and causes intraretinal pathfinding errors
The early appearance of D–V differences in the thickness of
axon fascicles suggests that patterning mechanisms acting prior
to E5 control axon fasciculation. Two good candidate molecules
for this patterning activity are the transcription factors cVax,
which is expressed in the ventral optic cup and neural retina,
and the T-box transcription factor Tbx5, present in the dorsal
retina (Schulte et al., 1999; Koshiba-Takeuchi et al., 2000).
When cVax was ectopically expressed in the retina, the axon
fasciculation pattern in the dorsal retina was markedly altered
compared to control retinae (n = 12/12; Figs. 2A–C). In
approximately half of the RCAS-cVax infected retinae, the
fasciculation pattern of dorsal RGC axons was similar to that of
normal ventral RGC axons (Figs. 2B and K). In the remaining
RCAS-cVax infected retinae, we observed axon bundles of
varying width, with some of the dorsal RGC axons forming
even thicker fascicles than in ventral control retinae (Fig. 2A).
In addition, the distance between fascicles varied notably in the
RCAS-infected dorsal retina compared to the control. Ectopic
cVax expression in the ventral retina, where the endogenous
level of cVax expression is already very high, did not affect
RGC axon fasciculation (Figs. 2C and K). Staining of the
infected retinae with the antibody p27, which recognizes a core
protein of the RCAS viral particle, confirmed massive RCAS-
cVax infection in all specimens examined (Fig. 2C′ and data not
shown).
We next investigated the morphology of axon bundles in the
retina following forced expression of Tbx5 or of a fusion of the
Engrailed repressor domain of Drosophila melanogaster to the
DNA binding domain of Tbx5 (Tbx5EnR), which acts as
dominant negative allele (Rallis et al., 2003). Ectopic
expression of Tbx5EnR ventralized the pattern of dorsal RGC
axon bundles, similar to the phenotype observed following
misexpression of cVax, but did not notably change the
appearance of the ventral NFL (n = 9/9; Figs. 2D–E).
Retroviral misexpression of Tbx5 alone, however, did not
affect RGC axon fasciculation in the ventral or dorsal eye
(n = 7/7; Figs. 2F–G).
While asymmetric expression of cVax and Tbx5 patterns the
eye anlage along the D–Vaxis, the transcription factors FoxG1,
SOHo1 and GH6 pattern the retina anlage along its A–P axis
(Yuasa et al., 1996; Hatini et al., 1994; Deitcher et al., 1994;
Stadler and Solursh, 1994; Schulte and Cepko, 2000). Since thethickness of axon bundles in the anterior and posterior retina
does not differ, one would not expect ectopic expression of one
of these factors to alter axon fasciculation. To test this
assumption and to control for unspecific effects of the
retroviral misexpression protocol, we ectopically expressed
FoxG1 by infection with RCAS-FoxG1. This manipulation did
not affect the appearance of dorsal or ventral axon bundles
(n = 4/4; Figs. 2H–I).
We quantified these results by measuring the thickness of
RGC axon bundles and the distance between individual bundles
(n = 4 specimens for each experimental condition). In
uninfected control retinae (WT), ventral RGC axon bundles
were approximately twice as wide as their dorsal counterparts
(Fig. 2L). This ratio was maintained in retinae infected with
RCAS-Tbx5 or RCAS-FoxG1. Following misexpression of
Tbx5EnR, the average thickness of dorsal RGC axon bundles
increased, although dorsal RCAS-Tbx5EnR infected axon
bundles were on average still slightly thinner than their ventral
counterparts or ventral axon bundles of control retinae.
Following ectopic expression of cVax, however, the average
width of dorsal RGC axon fascicles exceeded that of ventral
fascicles. Similar observations were made when the distance
between RGC axon fascicles was measured (Fig. 2M). Ventral
RGC axon fascicles were spaced farther apart than dorsal
fascicles in the control or in retinae infected with RCAS-Tbx5 or
RCAS-FoxG1, while the distance between fascicles increased
following misexpression of cVax or Tbx5EnR. In addition, we
noticed that both parameters varied greatly in RCAS-cVax
infected retinae, reflecting a certain degree of NFL disorgani-
zation. Taken together, our data show that the ectopic
expression of cVax increased the average thickness of dorsal
RGC axon fascicles as well as the distance between fascicles,
consistent with the idea that cVax was sufficient to ventralize
the RGC axon fasciculation pattern.
Immunohistochemical staining of whole retinae with the
RMO270 antibody labels all RGC axons. To follow small
groups of axons in greater detail, we labeled ganglion cells and
their axons in retinal explants derived from wild type and
RCAS-cVax infected animals with the fluorescent dye DiI (Fig.
3). In uninfected control animals, RGC axons from the dorsal
or ventral retina traveled in parallel bundles straight to the
optic disc (n = 5/5; Figs. 3A, D). In contrast following cVax
misexpression, dorsal RGC axons projected towards the optic
disc; however, the RGC axons grew in ‘braid-like’ structures
(n = 6/6; Fig. 3B). These ‘braid-like’ structures were formed by
the periodic fasciculation and defasciculation of axons as they
approached the central retina, as evident at higher magnifica-
tion (Fig. 3C). In addition, following cVax misexpression,
dorsal and ventral RGC axons generally exhibited defects in
intraretinal pathfinding near the optic disc (n = 5/5; Figs. 3E, F
and data not shown). Many axons defasciculated, turned nearly
180o and grew back into the peripheral retina (Figs. 3E, F). In
Fig. 3E, a fraction of the labeled RGC axons approach the
optic disc, but most axons redirect their growth at a distance of
50–100 μm from this structure (arrow in Fig. 3E). Quantifi-
cation of individual axons demonstrated that in some cases up
to 85% of all labeled axons sharply turned away from the optic
Fig. 2. Axon fasciculation pattern at E6.5 following retroviral misexpression of several patterning genes. (A, B) Representative examples of the fasciculation of dorsal
RGC axons following RCAS-cVax infection. (C) Fasciculation pattern of ventral RCAS-cVax infected RGC axons. (D, E) Fasciculation pattern following RCAS-Tbx5-
EnR infection in the dorsal (D) and ventral (E) retina. (F, G) Axon fasciculation following infection with RCAS-Tbx5 in the dorsal (F) and ventral (G) retina. (H, I)
Fasciculation pattern in the dorsal (H) and ventral (I) retina following RCAS-FoxG1 infection. (J) Dorsal RGC axons fasciculation pattern in an uninfected control
animal, (K) Ventral RGC axons fasciculation pattern in a control animal. (C′) Retina shown in (C) stained with the polyclonal antibody p27 to visualize the degree of
viral infection; comparable infection was detected in all specimens analyzed; (L–M) Quantitative analysis of the fascicle width (L) and distance between fascicles (M)
(n = 4 specimens/experimental condition). Both parameters were measured in duplicates perpendicular to the axons in two randomly chosen areas of 175 × 175 μm per
retinal hemisphere (an example is indicated by the dashed lines in panels A and B). Dark grey bars: dorsal RGC axons; bright grey bars: ventral RGC axons. Error bars
indicate standard deviation. t test: P < 0.0003 for RCAS-cVax vs. WT. Scale bar: 50 μm.
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the disc, but often navigated in sharp ‘zigzag’ turns (arrowhead
in Fig. 3F). Thus, a large percentage of RGC axons either were
not attracted to enter the optic nerve or were actively repelled
from this region. Notably, these RGC axon guidance errors
were observed in equal frequency in the dorsal and ventral
retina. Taken together, whole mount immunofluorescence
staining and labeling of individual axon bundles by DiI
revealed two distinct effects of cVax misexpression on RGC
axon growth and fasciculation in the retina: a ventralization of
the dorsal NFL and pathfinding defects in dorsal and ventral
RGC axons near the optic disc.Expression of EphB2/EphB3 and ephrin-B1/ephrin-B2 is
subdivided into stable, complementary domains in the early
chick eye cup
Gain-of-function and loss-of-function experiments clearly
demonstrated that the Eph receptors EphB2 and EphB3 and their
ligands ephrin-B1 and ephrin-B2 are targets of cVax and mVax2,
respectively. In all vertebrate species analyzed so far, EphB
receptors are predominantly found in the ventral retina and B-
ephrins are predominantly found in the dorsal retina when RGC
axons are innervating their midbrain targets (Braisted et al.,
1997; Connor et al., 1998; Hindges et al., 2002; Mann et al.,
Fig. 3. DiI labeling of RGC axons at E6.5 and representative examples of the targeting errors near the optic disc observed following ectopic cVax expression. (A) RGC
axons emanating from the nasal–dorsal retina of an uninfected control animal approaching the optic disc. The location of the DiI label is indicated by the red dot in the
dorsal–nasal quadrant of panel G; the area, from which the picture was taken, is indicated by the boxed ‘A’ in panel G. (B) RGC axons periodically fasciculate and
defasciculate following cVaxmisexpression. (C)Higher magnification of the specimen shown in panel B. The locations of the DiI label and images are shown in panel H.
(D) RGC axons in an uninfected control animal. TheDiI label was placed into the periphery of the ventral–nasal retina, the picturewas taken from themid-periphery (G).
(E) RCAS-cVax infected RGC axons exhibit pathfinding errors in vicinity of the optic disc. The majority of labeled axons split off from the main fascicle, turns away
from the optic disc and grows back into the peripheral retina. An axonmaking a near 180o turn is labeled with a red arrow. (F) DiI labeled RGC axons in another RCAS-
cVax infected specimen shown at higher magnification. Several axons sharply turn away from the optic disc region (arrows) or frequently change direction (arrow head).
Few axons grow directly towards the optic disc. All images are taken at a distance of approximately 100 μm from the optic disc. Scale bars: (A, E) 100 μm; (C, D) 50 μm.
64 T.W. Mühleisen et al. / Developmental Biology 297 (2006) 59–732002). Birgbauer and colleagues, however, recently reported the
unexpected finding that several EphB receptors and B-ephrins
are co-expressed by RGCs during the period of intraretinal
pathfinding in mice (Birgbauer et al., 2000). To relate this result
to the developing chick visual system, we examined the pattern
of expression of EphB2, EphB3, ephrin-B1 and ephrin-B2 in the
chick embryo at or prior to the onset of RGC genesis (Fig. 4).
Expression of EphB2 in the retina preceded that EphB3 and was
confined to the ventral eye cup already at HH 15 (E2.5; Figs. 4G,
J). Likewise, expression of ephrin-B1 and -B2 was restricted to
the dorsal eye cup at HH 15 (Figs. 4A, D). Expression of these
molecules was maintained in a spatially restricted manner at HH
20 (E3.5) and at later embryonic stages (Figs. 4B–C, E–F, H–I;
Prada et al., 1991; Holash and Pasquale, 1995; Braisted et al.,
1997; Connor et al., 1998; Peters and Cepko, 2002; data not
shown). Retinal ganglion cells, the first cell type to be generated
in the vertebrate retina, appear in the dorsal–central chick retina
at HH 19, the end of the second day of incubation (Prada et al.,
1991). Therefore, expression of EphB2 and ephrinB1/B2 is
earlier compared with RGC generation. Retinal expression ofEphB3 was not detectable at HH 15, but appeared at HH 20 in
the ventral retina (Figs. 4J–L). Thus, contrary to the mouse, the
expression domains of EphB2/EphB3 and ephrin-B1/ephrin-B2
do not overlap in the chick retina during the period of RGC axon
pathfinding to the optic disc.
Retroviral misexpression of ephrin-B2, but not ephrin-A5 alters
axon fasciculation
We next investigated a possible involvement of the EphB/
ephrin-B system in RGC axon fasciculation by ectopically
expressing ephrin-B2. In a similar approach, ectopic expression
of ephrin-B2 in the retina of Xenopus laevis embryos caused
ventral RGC axons mapping errors in the optic tectum (Mann et
al., 2002). We expected the fasciculation pattern of dorsal RGC
axons to be unaffected by the overexpression of ephrin-B2, as
endogenous ephrin-B expression in the dorsal retina is already
very high and dorsal RGCs do not express EphB2 or EphB3. In
support of this assumption, we did not detect noticeable changes
in the appearance of dorsal axon fascicles following RCAS-
Fig. 4. Ephrin-B1, ephrin-B2, EphB2 and EphB3 are expressed in complementary domains in the chick eye cup and neural retina. (A–C) Expression of ephrin-B1;
(D–F) expression of ephrin-B2; (G–I) expression of EphB2; (J–L) expression of EphB3. Panels A, D, G, J show whole mount in situ hybridizations of E 2.5 (HH 15)
chick embryos. Panels B, C, E, F, H, I, K, L show in situ hybridizations on vibratome sections of E3.5 (HH 20) chick embryos. The arrow heads in panels A, D, G, J
mark the eyes. In panels B, C, E–H, K, L dorsal is to the top, ventral to the bottom. (C, F, I, L) are higher magnification of the boxed areas in (B, E, H, K). Scale bars
in all panels: 1 mm.
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(n = 14/14; Figs. 2J and 5A). In the ventral retina, however,
RGC axons formed bundles of various thicknesses supporting
the idea that stimulation of EphB receptors by forced expression
of ephrin-B2 affects RGC axon fasciculation (Figs. 5B, B′;
n = 14/14). To test if this effect was specific to the EphB/ephrin-
B system, we misexpressed ephrin-A5 in the retina by retroviral
transfection. Forced ephrin-A5 expression did not alter the
bundling pattern of RGC axons nor did it cause noticeable
intraretinal pathfinding defects (n = 3/3; Figs. 5C–D).
Occasionally, retroviral misexpression of ephrin-B2 caused
eye malformations, including invaginations of the neural retina,
which sometimes protruded up to several hundred micrometers
into the vitreal space (data not shown). These developmental
defects, however, were easily detected during the confocal laserscanning analysis of the NFL and the affected specimens were
not included in the analysis.
To quantify these results and compare them to those
observed following cVax misexpression, the thickness of RGC
axon fascicles was measured in control retinae (WT) and retinae
after ectopic expression of cVax or ephrin-B2, respectively
(Figs. 5E, F). We first plotted the width of individual RGC axon
fascicles of control retinae as a function of their absolute
frequency. As shown in Fig. 5E, the width distribution curve
approximated a Gaussian distribution, with the majority of
dorsal fascicles ranging between 1.5 μm and 2 μm and the
majority of ventral fascicles between 3.5 μm and 4 μm. These
width distributions changed significantly when dorsal RCAS-
cVax infected or ventral RCAS-ephrin-B2 infected RGC axons
were surveyed (Fig. 5F). Instead of the bell shaped distribution
Fig. 5. RGC axon fasciculation pattern at E6.5 following retroviral misexpression of ephrin-B2 or ephrin-A5. (A, B) RGC axon fasciculation in the dorsal (A) and
ventral (B) retina following ephrin-B2 overexpression. (C, D) RGC axon fasciculation pattern at E6.5 following misexpression of ephrin-A5 in the dorsal (C) and
ventral (D) retina. (B′, D′) the degree of viral infection as verified by staining with the antibody p27. Scale bar: 50 μm. (E, F) Quantitative analysis of RGC axon
fascicle widths under different experimental conditions. (E) Absolute frequency plot of the fascicle widths of control retinae. (F) Absolute frequency plot of the fascicle
widths of RCAS-cVax and RCAS-ephrin-B2 infected RGC axon bundles. 150 data point were analyzed for each condition.
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thicknesses were observed. A prominent peak was seen at the
2 μm fascicle width for ventral RCAS-ephrin-B2 infected
axons, which represents a clear shift towards smaller fascicles
compared to the control. Similarly, following cVax misexpres-
sion, two prominent peaks at 2 μm (corresponding to the
average width of normal dorsal axon bundles) and 4 μm
(corresponding to the average width of normal ventral fascicles)
were observed. However, fascicles of up to 15 μm width were
observed under both experimental conditions. Similar results
were obtained when RGC axon fascicles were analyzed at
E7.5–E8 (Supplementary information). Taken together, ectopic
expression of cVax shifted the width of dorsal fascicles towards
larger values, while ectopic expression of ephrin-B2 decreased
the thickness of some ventral RGC axon fascicles.
Retinal lamination and differentiation following misexpression
of cVax, Tbx5EnR or ephrin-B2
To ensure that the observed RGC axon fasciculation defects
were not due to disturbances of the retinal structure or a
developmental delay caused by retroviral misexpression of the
molecules tested, we analyzed the retinal lamination andexpression of cell-type specific markers following retroviral
infection (Fig. 6). We analyzed retinae of E7 chick embryos, the
same developmental age used to visualize RGC fasciculation
(Figs. 2, 3 and 5). At E7, the chick retina contains postmitotic
RGCs, amacrine and horizontal cells. Photoreceptors are being
actively generated, while bipolar cells and Müller glia are not
yet present in the retinal neuroepithelium (Prada et al., 1991).
Accordingly, we observed islet-1 and Pax6 expressing RGCs in
the ganglion cell layer (GCL) and Pax6 expressing amacrine
cells in the emerging inner nuclear layer (INL) (Figs. 6A, E). No
major defects in the density and location of these cell types were
apparent, when retinae infected with RCAS-cVax, RCAS-
ephrin-B2 or RCAS-Tbx5EnR were analyzed (Figs. 6B–D and
F–H). Notable exceptions were ectopic groups of Pax6
expressing cells in the inner plexiform layer (IPL) of RCAS-
cVax infected retinae (arrows in Fig. 6F). These cells most likely
represent supernumerous amacrine cells: the murine homo-
logues of cVax, mVax1 and mVax2, function to repress the α-
enhancer of the PAX6 gene, which directs expression in retinal
progenitor cells (Mui et al., 2005). Loss of Pax6 expression in
these cells forces them to adopt the amacrine cell fate
(Marquardt et al., 2001). It is therefore possible, that over-
expression of cVax in retinal progenitor cells increases the
Fig. 6. Retinal lamination and differentiation. (A–T) E7 retinae fromWTcontrol specimen, or following retroviral misexpression of cVax, ephrin-B2 or Tbx5EnR were
stained with the following antibodies: (A–D) islet-1; (E–H) Pax6; (I–L) TuJ1; (M–P) p27 (RCAS viral core protein). The images shown in (M–P) correspond to the
sections shown in panels A–D; (Q–T): DAPI. Arrow heads in panels A–T mark displaced amacrine cells found in the chick IPL at this developmental age. (U, V)
Whole mounted retinae stained with RMO270, p27 and DAPI were photographed using an Imager.Z1/Apotome microscope (Zeiss, Germany) at different focal planes
within the RGC layer and INL. (U) E7 retina infected with RCAS-cVax. (V) E7 retina infected with ephrin-B2. The approximate location from which each panel was
taken is indicated with the lower case letters shown in panel (Q): (Ua, Va): NFL; (Ub, Vb): RGC layer; (Uc, Vc): IPL; (Ud, Vd): INL. The arrow in (F, Uc) marks ectopic
cell nuclei, presumably ectopic amacrine cells observed in the IPL in RCAS-cVax infected retinae. Viral infection was verified by p27 staining (data not shown). NFL:
nerve fiber layer; GCL: retinal ganglion cell layer; IPL: inner plexiform layer; INL: inner nuclear layer; VZ: ventricular zone. Scale bars: (A–T) 100 μm; (U, V) 50 μm.
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prominent row of evenly spaced, islet-1 and Pax6 expressing
cells in the IPL in all retinae analyzed represents displaced
amacrine cells, which after been generated in the INL migrate
through the IPL to settle in the GCL (arrow heads in Fig. 6;
Galvez et al., 1977; Layer and Vollmer, 1982). We also did not
observe any obvious difference in the GCL or NFL, when the
retinae were stained with the monoclonal antibody TuJ1, which
recognizes neuronal β-tubulin present on RGC cell bodies and
axons (Figs. 6I–L). Visinin expressing, newly generated
photoreceptors, but not PKC expressing bipolar cells were
also present in all specimens analyzed (data not shown). Finally,
the laminar structure of the retina visualized by DAPI staining
of cell nuclei did not differ greatly between infected and non-
infected retinae or between infected and non-infected patches
within the same retina (Figs. 6M–T). Again, protrusions of the
neural retina into the vitreal space were observed in some
RCAS-ephrin-B2 infected eyes, which were excluded from the
analysis (data not shown). To further correlate the fasciculation
pattern of RCAS-cVax and RCAS-ephrin-B2 infected retinae
with the anatomy of the RGC layer and INL, micrographs were
taken from whole mounted retinae, stained with RMO270, p27
and DAPI at different depths within the tissue (Figs. 6U–V). No
disorganization of the RGC layer (Figs. 6Ub and Vb) and
emerging INL (Figs. 6Ud and Vd) was detectable in regions of
the retina, where RGC axon fasciculation in the overlaying NFL
was irregular. In addition, evenly spaced nuclei of displaced,
migrating amacrine cells were observed in the IPL (Figs. 6Uc
and Vc), indicating that the overall lamination and cell
differentiation are not grossly abnormal in retinae following
cVax or ephrin-B2 misexpression.Fig. 7. Ectopic cVax expression does not alter the expression profiles of EphA3, EphA
infected eye at E3.5 (HH 22). (C, D) Expression of EphA4, (E, F) expression of ephr
shown in panels B, D, F. All images show in situ hybridizations on coronal vibratom
100 μm; anterior is to the top, posterior to the bottom. Scale bar: 50 μm.Retroviral misexpression of cVax increases the pool of EphA4
protein phosphorylated on tyrosine residues and enhances
nasal RGC axon responsiveness in vitro
cVax/mVax2 controls the graded expression of several
molecules, which work together to pattern the retina along its
D–V axis. Yet, following cVax gain-of-function or mVax2 loss-
of function, RGC axons exhibited targeting errors not only
along the D–V axis, but to a lesser extend also along the A–P
axis of the optic tectum/superior colliculus (Schulte et al., 1999;
Mui et al., 2002; Barbieri et al., 2002). This surprising
observation prompted us to analyze the expression profiles of
EphA/ephrin-A molecules following ectopic expression of cVax
in the embryonic chick retina. As shown in Fig. 7, expression of
EphA3, EphA4 and ephrin-A5 in the chick retina was not altered
following misexpression of cVax as compared to a control.
However, the same manipulation did result in profound changes
in the expression profiles of EphB2, EphB3, ephrin-B1 and
ephrin-B2 as reported previously (data not shown; Schulte et al.,
1999).
The Eph receptor EphA4 is differentially phosphorylated on
tyrosine residues in different quadrants of the retina (Connor et
al., 1998). By virtue of being receptor tyrosine kinases, ligand
binding causes autophosphorylation of Eph receptors on
tyrosine residues before activating cytoplasmic signaling path-
ways. EphA4, which is expressed evenly throughout the retina,
partially overlaps with the expression domains of three potential
ligands, ephrin-A2 and -A5 in the nasal retina and ephrin-B2 in
the dorsal retina (Connor et al., 1998; Gale et al., 1996). The
superimposed expression pattern of these ephrins corresponds
to a gradient of EphA4 tyrosine phosphorylation, highest in the4 or ephrin-A5. (A, B) Expression of EphA3 in an uninfected (A) and RCAS-cVax
in-A5 in the same specimen. (G) Degree of RCAS-cVax infection in the embryo
e section of E3.5 (HH 22) chick embryos. The distance between sections was
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(Connor et al., 1998). In agreement with these results, we found
that in mock-infected control retinae EphA4 was phosphory-
lated in the nasal, but only faintly in the temporal retina.
However, in animals infected with RCAS-cVax the level of
tyrosine phosphorylation of EphA4 in the retina increased
significantly (n = 7/7; Figs. 8A, B). In all RCAS-cVax infected
specimens tested, the level of EphA4 tyrosine phosphorylation
was approximately equal in the nasal and temporal retina and
often even exceeded the level detected in uninfected control
tissue indicating hyperphosphorylation of EphA4 following
cVax misexpression. Because EphA4 function is necessary for
the guidance of nasal retinal axons, we tested whether ectopic
cVax expression affected the responsiveness of RGC axons in
the in vitro stripe assay (Hornberger et al., 1999; Walkenhorst et
al., 2000). In this assay, axons growing out from explanted
retinae are given the choice between alternating stripes of
membrane carpets prepared from anterior or posterior tectal
tissue (Walter et al., 1987). Under standard conditions, nasal
RGC axons do not discriminate between stripes of posterior or
anterior tectal membranes, while temporal axons preferentially
grow on anterior tectal membranes (n = 4/4; Fig. 8C; Walter et
al., 1987; Nakamoto et al., 1996). Nasal axons growing out
from RCAS-cVax infected retinae, however, showed a clearFig. 8. Forced expression of cVax increases EphA4 receptor phosphorylation on tyros
(A) Tyrosine phosphorylation of EphA4 in E6.5 (HH 30) retinae. (A, left panel) Immu
infected with RCAS-eGFP or retinae infected with RCAS-cVax probed with an antibo
retina is increased following ectopic cVax expression. (A, right panel) Following detec
amounts of protein were loaded. (B) Quantitative analysis of 7 experiments demonstr
retina increased about 4-fold following cVax misexpression. Signal intensities in ea
Significance was calculated by unpaired t test. Error bars indicate the standard devia
carpets were prepared from anterior or posterior tectal tissue. Posterior membranes fra
membrane stripes are marked by the alternating white and red boxes above each imag
were labeled after the incubation period by green fluorescent dye. (C) RGC axons gro
RGC axons outgrowth pattern from a RCAS-cVax infected retina. (E) Results of the
Walter et al. (1987). Explants were scored blind in duplicates; error bars indicate stapreference for stripes prepared from anterior tectal membranes
and largely avoided growing on stripes derived from posterior
tectal membranes (n = 4/4; Fig. 8D). Striped outgrowth was also
observed when temporal RCAS-cVax infected RGC axons were
surveyed (n = 4/4; Fig. 8D). These axons, however, appeared to
have navigated a shorter distance away from the explant than
their uninfected counterparts during the 48 h incubation period.
Employing a quantification system following Walter et al.
(1987) ranging from 0 (no discrimination between anterior and
posterior membranes carpets) to 4 (perfect discrimination), the
behavior of nasal, RCAS cVax infected axons was scored as
3.72 compared to 0.33 for uninfected, nasal axons (Fig. 8E).
Discussion
Connectivity and cell type composition is not uniform across
the vertebrate retina, demonstrating that axial patterning is of
essential importance to retina development. The process that
leads to axial patterning begins during the earliest stages of eye
development and is governed by the interplay of transcription
factors and components of key signaling pathways (Peters,
2002). RGC axons within the chick, but not the mouse retina
exhibit distinct bundling patterns in the dorsal and ventral
retina. Such D–V differences in the axon fasciculation patternine residues in the retina and enhances nasal RGC axon responsiveness in vitro.
noprecipitates of EphA4 from the nasal (N) or temporal (T) 1/3 of control retinae
dy against phosphotyrosine. Tyrosine phosphorylation of EphA4 in the temporal
tion, the blot was re-probed with an antibody against EphA4 to ensure that equal
ates that the level of EphA4 phosphorylation on tyrosine residues in the temporal
ch experiment were normalized to the nasal control, which was set as 100%.
tion. IP: immunoprecipitation; WB: western blot. (C, D) Alternating membrane
ctions were labeled with red fluorescent microspheres. Location and width of the
e. Retinal explants were placed perpendicular to the membrane stripes, and axons
wing out from an uninfected control explant. (D) Representative example of the
stripe assays (n = 4 for each condition) scored using the criteria introduced by
ndard deviation between experiments.
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adult chicken (Imagawa et al., 1999). As we show here, D–V
differences in the axon fasciculation pattern can be observed
shortly after the axons of newly born RGCs begin to navigate
towards the optic disc, which is several days before RGC axon
myelination occurs in the retina (Fig. 1; Ono et al., 1998). This
suggests that the fasciculation behavior of RGC axons is an
intrinsic property of RGCs and consequently reflects the
different positional identities of the cells, rather than resulting
from axon myelination.
Such intrinsic properties of the dorsal or ventral retina may
be mediated by the graded expression of the transcription
factors cVax and Tbx5. RGC axons, which originate from the
ventral, cVax expressing retina, form thick axon bundles, while
RGC axons emanating from dorsal retina, which do not express
cVax, form finer axon bundles. As we show here, retroviral
misexpression of cVax caused dorsal RGC axons to form thicker
fascicles compared with controls and, thus, forced RGC axons
to adopt a ventral-like fasciculation pattern (Fig. 2). A similar
effect was seen following retroviral misexpression of a
dominant negative form of Tbx5 (Tbx5EnR), but not following
misexpression of Tbx5. This was surprising, as cVax and Tbx5
have been shown to indirectly repress each other's expression in
the eye anlage and thereby establish D–V polarity in the retina
(Schulte et al., 1999; Koshiba-Takeuchi et al., 2000). Consid-
ering that multiple Tbx-proteins are expressed in nested
domains in the dorsal chick retina, it is however likely that
overexpression of just one of these proteins is not sufficient to
affect RGC axon fasciculation. This assumption is strengthened
by the observation that retroviral misexpression of cVax in the
eye resulted in a more dramatic change in the expression
profiles of EphB2, EphB3 and ephrin-B1, -B2 than were
observed following ectopic Tbx5 expression (Schulte et al.,
1999; Koshiba-Takeuchi et al., 2000; data not shown).
Similarly, in a study investigating the role of cVax and Tbx5
on the distribution of rod photoreceptors in the chick retina,
misexpression of Tbx5EnR but not Tbx5 alone was sufficient to
alter the rod pattern (Schulte et al., 2005). Our results, therefore,
suggest that direct or indirect targets of cVax are involved in
RGC axon fasciculation in the chick retina, while the
contribution of Tbx5 requires further investigation.
Well-known targets of cVax are the Eph receptors EphB2 and
EphB3. Since EphB receptors exceed the size requirement for
RCAS retroviruses, we tested a possible contribution of these
molecules to RGC axon fasciculation by ectopically expressing
ephrin-B2. Ventral RGC axons, which express EphB2 and
EphB3 protein on their neurites and growth cones, but do not
express ephrin-B1 or ephrin-B2, are expected to be stimulated
by the ectopic introduction of a B-ephrin (Holash and Pasquale,
1995; Braisted et al., 1997; Mann et al., 2002). As we report
here, this manipulation led to RGC axon fasciculation defects.
Instead of the relatively uniform fascicles found in uninfected
eyes, RGC axon fascicles of various thicknesses were present in
RCAS-ephrin-B2 infected retinae, which partially recapitulate
the effect of ectopic cVax expression. During retinotopic map
formation, ephrin-B1, which is expressed in a gradient along the
lateral–medial axis of the optic tectum, can act as an attractantor repellent for EphB expressing interstitial RGC axon branches
in a concentration dependent manner (Hindges et al., 2002;
McLaughlin et al., 2003). High levels of ectopic ephrin-B2
expression in the ventral retina may therefore disrupt the normal
RGC axon fasciculation by interfering with axon–axon
attraction. In addition, EphB2 has been shown to directly
phosphorylate the L1 family protein Ng-CAM in vitro, which
engages in homophilic interactions and is an important mediator
of RGC axon growth and fasciculation (Kenwrick and Doherty,
1998; Zisch et al., 1997). The massive upregulation of EphB2
across RCAS-cVax infected retinae may therefore enhance axon
fasciculation in an L1-dependent manner. A similar mechanism
may explain our observation that the D–V differences in RGC
axon fasciculation were only observed in the chick, but not the
mouse retina (Fig. 1). During development, when large numbers
of RGC axons navigate towards the optic disc, EphB2 and
EphB3 are uniformly expressed in the mouse retina, but
restricted to the ventral eye in chick embryos (Birgbauer et al.,
2000; Fig. 4). During intraretinal pathfinding EphB2 and
EphB3 proteins should therefore co-localize with L1 in the
dorsal and ventral mouse retina, but only co-localize with L1 in
the ventral chick retina. This may ultimately result in species-
specific differences in RGC axon fasciculation.
When we followed the intraretinal trajectories of dorsal
RGC axons by labeling small groups of axons with the
fluorescent tracer DiI, an additional difference in the
fasciculation behavior of RGC axons in uninfected and
RCAS-cVax infected retinae became apparent (Fig. 3).
RCAS-cVax infected RGC axons, like their uninfected
counterparts, navigated with high accuracy towards the central
retina. Following cVax misexpression, however, dorsal RGC
axons periodically fasciculated and defasciculated along their
entire pathway. This observation allows two intriguing
speculations: First, axons can repeatedly fasciculate and
defasciculate while they approach the optic disc. Axonal
growth towards the optic disc, therefore, does not appear to
require the formation and/or maintenance of ordered axon
fascicles, despite the fact that during normal development RGC
axon fascicles remain stable along most of the axon's path.
This observation confirms previous findings obtained in the
goldfish retina, where injection of blocking antibodies against
the E587 antigen, a member of the L1 family of cell adhesion
molecules, disrupted RGC axon fascicles without disturbing
optic disc-directed growth (Bastmeyer et al., 1995; Ott et al.,
1998). Second, cVax infected dorsal RGC axons fasciculated
and defasciculated in striking regularity (Figs. 3B, C). A
possible explanation for this behavior is that the axons
repeatedly switch between attraction and repulsion while they
continue to grow towards the optic disc. We calculated the
distance between the points where neighboring axon bundles
are in closest contact, and the subsequent points, where they
have reached the maximum distance in between them, to be
approximately 100 μm (Figs. 3B, C). It is intriguing to
speculate that this distance may correspond to the time, which
is needed to convert an attractive stimulus to a repulsive one in
the axon shaft, while the axonal growth cone approaches the
optic disc and the axon elongates.
71T.W. Mühleisen et al. / Developmental Biology 297 (2006) 59–73Intraretinal pathfinding errors following cVax misexpression
In addition to disturbances in RGC axon fasciculation in the
dorsal retina, RCAS-cVax infected axons also made frequent
targeting errors near the optic disc. When we sampled small
groups of RGC axons by DiI labeling, we observed that a large
percentage of axons sharply turned away from the optic disc,
and only a minor fraction entered correctly into the optic nerve.
The proportion of these aberrantly projecting axons reached up
to 85% of all labeled axons in some specimens. Interestingly,
mice lacking EphB2 and EphB3 (or EphB3 and the kinase
domain of EphB2) also exhibit intraretinal guidance defects
near the optic disc. In these mice, dorsal RGC axons
defasciculated from the main fascicle, bypassed the optic disc
and grew aberrantly into the opposite side of the retina, where
they further defasciculated from each other and grew as
individual axons (Birgbauer et al., 2000). This pathfinding
defect has been explained by proposing that dorsal, ephrin-B
expressing RGC axons normally encounter increasing levels of
EphB2 and EphB3 as they grow ventrally, which prevents them
from advancing beyond the developing optic nerve head and
into the ventral retina. Despite the fact that EphB2 and EphB3
are well known targets of cVax/mVax2 in the retina, two
important differences between our results and that of Birgbauer
and colleagues should be considered. First, we did not find a
difference in the frequency or severity of the targeting errors in
the dorsal or ventral retina, while targeting errors were clearly
more prominent in the dorsal retina of EphB2/EphB3 mutant
mice. Second, cVax infected RGC axons defasciculated from
each other ahead of the optic disc and many of them grew back
into the peripheral retina. It is difficult to explain this behavior
solely on the basis of altered EphB and B-ephrin expression
profiles. Rather, RGC axons appear to be ‘blind’ to an attractive
guidance cue present at the optic disc or to have acquired
sensitivity to a repulsive one in near proximity to it. One
possibility might be the extracellular matrix protein laminin in
the retina, which is highly enriched around the optic disc
(Hopker et al., 1999). As recently shown, application of the
recombinant, soluble extracellular domain of EphB2 triggers
growth cone collapse in RGC axons, when these grow on
laminin as substrate, but not in the presence of L1 (Birgbauer et
al., 2001; Suh et al., 2004). Because retroviral misexpression of
cVax leads to massive upregulation of EphB2 across the retina, it
is possible that RCAS-cVax infected RGC axons are more
strongly repelled by the ring of laminin around the optic disc
than RGC axons of control animals.
Contribution to A–P retinotectal mapping by cVax
The findings presented here also provide a potential
explanation for the otherwise puzzling observation that under
cVax/mVax2 gain-of-function and loss-of function conditions,
RGC axons made reproducible errors also along the tectal D–V
and A–P axes. Following ectopic cVax expression in chick,
dorsal RGC axons not only aberrantly targeted to the medial
optic tectum, but also extended numerous collaterals at various
points anterior to the expected termination zone (Schulte et al.,1999). Likewise, following targeted deletion of mVax2 in mice,
the targeting errors of ventral–temporal RGC axons were more
severe than those from ventral–nasal axons (Mui et al., 2002).
This suggests that cVax/mVax2 not only controls retinal D–V
patterning, but also contributes to patterning of the retina's A–P
axis. To account for this observation, it was proposed that loss
of mVax2 indirectly stimulates expression of EphA5 in the nasal
retina, possibly by genetically interacting with transcriptional
regulators of retinal A–P patterning (Mui et al., 2002).
However, ectopic expression of EphA5 was not observed in
an independently generated mVax2 knock-out model (Barbieri
et al., 2002). As we show here, ectopic expression of cVax did
neither alter the expression profiles of the EphA receptors
EphA3 and EphA4 nor that of their ligand ephrin-A5 in the
retina. Instead, we found by immunoprecipitating EphA4
protein from RCAS-cVax infected tissue that the pool of
EphA4 phosphorylated on tyrosine residues was increased
following ectopic cVax expression as compared to a mock-
infected control, which was accompanied by an increased
sensitivity of nasal RGC axons to the repellent activity of
posterior tectal membranes. Enhanced sensitivity of temporal
axons could not be detected in this assay, as these axons
already avoid posterior tectal membranes when prepared from
uninfected tissue. The data presented here correlate well with
the observed A–P retinotectal mapping defects seen in cVax
gain-of-function and mVax2 loss-of-function models in vivo
and emphasize the importance of EphA4 for the guidance of
nasal RGC axons described before (Walkenhorst et al.,
2000).
How could overexpression of cVax influence tyrosine
phosphorylation of an EphA receptor and the target preference
of RGC axons along the tectum's rostro-caudal axis? EphB2
binds to and can be activated by ephrin-A5, which has long
been regarded as a classical ligand for EphA receptors
(Himanen et al., 2004). EphB2 is one of the molecules, which
is massively upregulated following ectopic cVax expression or
lost in the mVax2 null mice. Altered expression of EphB2 may
therefore directly change the pool of ephrin-A5, which is
available for binding to EphA receptors in the retina. Ephrin-A5
can interact with EphA3 in trans (when both molecules are
expressed on neighboring cells), as well as in cis, when both
molecules are present on the same cell (Carvalho et al., 2006).
Remarkably, cis-interaction abolishes tyrosine phosphorylation
of the receptor and renders the receptor less sensitive to
activation by ephrinAs in trans. Ectopic cVax expression may,
thus, through upregulating EphB2, reduce the pool of free
ephrin-A5 in the retina, which in turn increases the level of
EphA receptor phosphorylation and the sensitivity of RGC
axons to the repellent activity of ephrinAs in the tectum. It
remains to be investigated, whether similar changes in the
tyrosine phosphorylation status of EphA4 or other members of
the EphA receptor subclass also occur in mVax2 null mice.
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